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Abst r a c t  
An empi r i ca l  formula f o r  the s teady-s ta te  drag 
c o e f f i c i e n t  of a 20-degree con ica l  r ibbon para- 
chute  is developed. The der ived  express ion  takes  
i n t o  account t h e  e f fec t  of suspension l i n e  l eng th  
and geometric po ros i ty  wi th in  the  limits of prac- 
t i c a l  des ign .  Also included are f a c t o r s  which 
provide  d rag  reduct ion  due t o  s k i r t  r ee f ing  and 
t h e  wake behind a primary body. The ca l cu la t ed  
va lues  are i n  agreement with t h e  a v a i l a b l e  experi-  
mental  r e s u l t s .  
Nomenclature 
Drag c o e f f i c i e n t  
Drag c o e f f i c i e n t  of a parachute  wi th  
Ls 9 Do and lg 9 O X  
Free  stream d r a g  c o e f f i c i e n t  
Drag f o r c e  
Porebody d iameter  
Parachute  nominal d iameter  (diameter of a 
circle wi th  area equal  t o  So) 
Parachute  pro jec ted  d iameter  
Funct ion  of x and y 
Forebody i n t e r f e r e n c e  f a c t o r  
Length of r e e f i n g  l i n e  
Length of suspension l i n e  
Dynamic p reasu re  
Parachute  r e fe rence  area 
T r a i l i n g  d i s t a n c e  from forebodp t o  canopy 
r k i r t  
Geometric p o r o r i t y  
I. In t roduc t ion  
Numerous experiments have been conducted on 
d i f f e r e n t  k inds  of parachutes t o  i n v e s t i g a t e  
t h e i r  performance c h a r a c t e r i s t i c s .  To da te ,  i t  
has  no t  been gene ra l ly  poss ib l e  t o  express  the  
drag  c o e f f i c i e n t  of a parachute i n  terms of its 
des ign  parameters.  One reason is t h a t  when a 
parachute  was t e s t e d ,  it w a s  gene ra l ly  designed 
f o r  a p a r t i c u l a r  mission and no a t tempt  w a s  made 
t o  s tudy  t h e  v a r i a t i o n  of des ign  parameters. 
Moreover, a gene ra l  express ion  f o r  t h e  drag  co- 
e f f i c i e n t  of a parachute  was d i f f i c u l t  t o  ob ta in  
because tests usua l ly  used parachutes wi th  d i f -  
f e r e n t  des ign  c h a r a c t e r i s t i c s ,  f o r  example, 
canopy loading ,  po ros i ty ,  and f l e x i b i l i t y ,  etc. 
In  J u l y  1974, paramet r ic  tests were conducted 
on a 20-degree con ica l  r ibbon parachute.  This 
parachute  conf igu ra t ion  has  been s e l e c t e d  a s  t h e  
drogue parachute f o r  t h e  Space S h u t t l e  So l id  
Rocket Booster recovery system. Based on the  
numerous wind tunne l  and drop test d a t a  ava i l ab le  
on the  20-degree con ica l  ribbon parachute,  i t  l a  
d e s i r a b l e  t o  develop r e l a t i o n s h i p s  which w i l l  
allow the  p r e d i c t i o n  of performance over a range 
of conf igu ra t ion  parameters. 
The ribbon parachute  c o n s i s t s  of a l a rge  n tne  
b e r  of  concen t r i ca l ly  placed ribbons. These 
rlhbons,  known as hor i zon ta l s .  a r e  he ld  a t  c lose  
i n t e r v a l s  by one or more v e r t i c a l s .  The r a d i a l s  
extend from t h e  s k i r t  t o  t h e  vent and form the  
bounds of s gore ( see  Fig. 1 ) .  The c o n i c a l  r ib -  
bon canopy is similar t o  the  f l a t  c i r c u l a r  ribbon 
canopy, with a few gores removed t o  g ive  i t  a coni- 
cal  p r o f i l e .  An important c h a r a c t e r i s t i c  of ribbon 
parachutes is t h e i r  low opening shock and inc reased  
s t a b i l i t y  compared t o  s o l i d  parachutes.  Heavy duty 
ribbon parachutes have been designed i n  the  p a s t  f o r  
high speed deployment and f o r  recovery of l a r g e  loads.  
Aerodynamic c h a r a c t e r i s t i c s  of a con ica l  r ib -  
bon parachute depend upon i ts  des ign  parameters,  
f o r  example, cone angle ,  geometric po ros i ty .  and 
suspension l i n e  length.  These des ign  parameters 
govern t h e  shape of the  i n f l a t e d  canopy and there- 
by inf luence  parachute performance. An es tab-  
l i s h e d  re ference  on parachute design is t h e  A i r  
Force Parachute Handbook. (1) A des igner  o f t e n  
uses  the  va lues  of t he  force  c o e f f i c i e n t s  given 
i n  the  parachute handbook f o r  pre l iminary  des ign  
ana lyses .  The handbook lists, f o r  t h e  drag  co- 
e f f i c i e n t  of a con ica l  ribbon parachute,  a 
range of 0.45 t o  0.55 with an average va lue  of 
0.50. Recent wind tunnel  paramet r ic  tests of a 
20-degree con ica l  r ibbon parachute (2)  have shown 
t h a t  f o r  a given combination of suspension l i n e  
length  and geometric poros i ty .  t h e  drag  coe f f i -  
c i e n t  may be in t h e  range s p e c i f i e d ,  bu t  i t  may 
a l s o  be ou t s ide  t h e  range. For example, t h e  drag  
c o e f f i c i e n t  of a 20-degree con ica l  r ibbon para- 
chute with suspension l i n e  length  ratio of 1.75 
and geometric po ros i ty  of 16% is es t ima ted  t o  b e  
0.672 as compared to  an average va lue  of 0.5  
given in t he  parachute  handbook. I t  is thus  de- 
s i r a b l e  t o  improve t h e  methods of p r e d i c t i n g  t h e  
drag  c o e f f i c i e n t  t o  inc lude  the  e f f e c t  of des ign  
parameters. 
The purpose of t h i s  r epor t  is t o  p re sen t  t h e  
formulation of a mathematical express ion  f o r  t h e  
s t eady- s t a t e  drag  c o e f f i c i e n t  of a 20-degree 
con ica l  ribbon parachute i n  subsonic  flow. Th i s  
express ion  takes  i n t o  account t he  e f f e c t  of t he  
suspension l i n e  length ,  geometric p o r o s i t y ,  reef -  
ing  l i n e  len tgh ,  and t h e  wake e f f e c t s  behind a 
primary body. The empir ica l  r e l a t i o n s h i p  der ived  
is f o r  a p a r t i c u l a r  po ros i ty  d i s t r i b u t i o n  used 
in t h e  SRB drogue parachute  models as i l l u s t r a t e d  
in Figure 1. This  po ros i ty  d i s t r i b u t i o n  is char- 
ac t e r i zed  by e q u a l l y  spaced no r i zon ta l  r ibbons.  
Var ia t ion  i n  geometric po ros i ty  is achieved by 
varying the  gap s i z e ,  keeping the  apex vent  s i z e  
constant.  In  c o n t r a s t  t o  t h i s  des ign ,  v a r i a b l e  
poros i ty  con ica l  r ibbon parachutes have been 
designed f o r  s p e c i f i c  app l i ca t ions .  . 
11. Mathematical Model 
Drag of a body i n  motion is def ined  as the  
component of aerodynamic fo rces  i n  t h e  d i r e c t i o n  
of t h e  r e l a t i v e  wind. S teady-s ta te  r e f e r s  t o  a 
s t a t e  of uniform motion wi th  no acce le ra t ion .  In  
the case of a parachute  canopy, t h e  drag  fo rce  is 
def ined  a s ,  
wnere 
CD is t h e  d r a g  c o e f f i c i e n t .  
i 
1 1 
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Fig. 1. Deta i l  g o r e  assembl ies  of the SRB drogue pa rachu te  models 
So is t h e  nominal area of t h e  c o n i c a l  r ibbon canopy which is equ iva len t  t o  t h e  t o t a l  
s u r f a c e  area t h a t  produces d rag  inc lud ing  
v e n t  area and t h e  area of openings n o t  
covered  by r ibbons .  
q is t h e  dynamic p res su re .  
In t h e  case of a parachute  be ing  t e s t e d  i n  the  
wind tunne l ,  s t eady- s t a t e  r e f e r s  t o  a s ta te  when 
t h e  canopy, a f t e r  having deployed, has  completed 
t h e  f i l l i n g  p rocess  and has  a t t a i n e d  a f ixed  shape 
based on i ts  geometry and des ign  c h a r a c t e r i s t i c s .  
Equation (1)  provides drag  fo rce  along t h e  
long i tud ina l  a x i s  of t h e  parachute i n  steady- 
s t a t e .  The d rag  Coef f i c i en t ,  CD, f o r  a given 
parachute and f l i g h t  condi t ion  is expres s ib l e  in 
terms of s e v e r a l  des ign  parameters.  
e t e r s  a r e  canopy geometric po ros i ty ,  suspension 
l i n e  length ,  and t h e  r e e f i n g  l i n e  length.  
These p a r a w  
The fo l lowing  r e s t r i c t i o n s  have been made 
which l i m i t  t h e  v a l i d i t y  of the  empir ica l  rela- 
t ionsh ip  as t o  the  s i z e  of t h e  parameters and t h e  
parachute  ope ra t ing  envelope. 
The d a t a  on 20-degree con ica l  ribbon para- 
chutes  is a v a i l a b l e  f o r  a l imi t ed  range of 
canopy geometric po ros i ty ,  thus  t h e  expres- 
s i o n  f o r  CD is cons idered  in agreement for  
t h e  range, 10% < X g  < 30% a v a i l a b l e  f o r  c o w  
par i son .  This range is bel ieved  t o  be  reason- 
a b l e  from the  s t andpo in t  of p r a c t i c a l i t y .  
The lower l i m i t  t akes  i n t o  account t h e  complex- 
i t y  of f a b r i c a t i o n  which inc reases  wi th  a re- 
duct ion  in geometric poros i ty .  
l i m i t  e s t a b l i s h e s  a maximum value for  s tand-  
a rd  parachute design. 
The s h o r t e s t  suspension l i n e  length  considex- 
ed  is one nominal diameter.  
f r o 8  t h e  s t andpo in t  of canopy performance. 
Reducing suspension l i n e  length  below one nomi- 
n a l  d iameter  r e s u l t s  i n  a cons iderable  decrease 
The upper 
This is j u s t i f i e d  
in t he  p ro jec t ed  d i a w t e r  and thus,  a l o s s  of 
parachute  e f f i c i e n c y  a s  a drag producing su r -  
face.  Also, t r a d i t i o n a l l y ,  t h e  l eng th  of t h e  
l i n e s  on most canopies is  about one nominal 
diameter. 
The a e r o e l a s t i c  e f f e c t s  on t h e  canopy are 
neglected.  This is a reasonable approxima- 
t i o n  i f  t he  dynamic p res su re  is comparatively 
smal l (3) .  
way t h e  drag  force  va r i e s  with o t h e r  des ign  
parameters.  Thus. in any f l i g h t  envelope 
where the  dynamic p res su re  is high so t h a t  t h e  
induced s t r a i n s  produce canopy shape changes, 
t h e r e  w i l l  be  an a e r o e l a s t i c  e f f e c t .  However, 
f o r  t h e  p re sen t  s tudy  w e  are concerned with 
l o w  s t eady- s t a t e  dynamic pressures  and t h e  
assumption seems reasonable.  
The minimum t r a i l i n g  d i s t ance  considered is 
one nominal diameter. This follows from 
assumption (2) in which t h e  minimum suspen- 
s i o n  l i n e  length  considered is  one nominal 
diameter.  
E l a s t i c i t y  of t he  c l o t h  changes t h e  
I n  t h e  p re sen t  s tudy  the  drag  c o e f f i c i e n t  of a 
s o l i d  (zero  geometric po ros i ty )  20-degree con ica l  
ribbon parachute having a suspension l i n e  l eng th  
equal t o  i ts  nominal diameter is regarded a s  a 
bas i c  drag  c o e f f i c i e n t .  The e f f e c t  of suspension 
l i ne  lengths  g r e a t e r  than one nominal diameter.  
and geometric po ros i ty  is in t roduced  by adding 
co r rec t ion  f a c t o r s  t o  t h e  b a s i c  drag  c o e f f i c i e n t .  
The drag  c o e f f i c i e n t  of a r ee fed  canopy is  obtain- 
ed by mul t ip ly ing  the  drag  c o e f f i c i e n t  of a f u l l  
open canopy by the  drag  area r a t i o  corresponding 
to  a p a r t i c u l a r  r ee f ing  l i n e  length.  
.i 
In the  fo l lov ing  equat ion  t h e  drag  c o e f f i c i e n t  
is  expressed  as a func t ion  of t h e  parachute  de- 
sign p a r a m ~ t e r s .  
2 
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Here, 
cD1: s t eady  s ta te  drag  c q e f f i c i e n t  o f  a 20- 
degree  c o n i c a l  r ibbon parachute  wi th  
L - 1 . 0  and X - 0%. 
DO 8 
c o r r e c t i o n  f a c t o r  f o r  t h e  drag  coef- 
f i c i e n t  of pa rachu tes  wi th  geometric 
po ros i ty .  
: a f u n c t i o n  of geometric po ros i ty .  
: c o r r e c t i o n  f a c t o r  f o r  t h e  d rag  coef- 
f i c i e n t  of parachutes  wi th  l i n e  
l e n g t h  r a t i o  o f  more than  one. 
%IDo 
f (LI/Do): a f u n c t i o n  of suspens ion  l i n e  
l eng th .  
5: r a t i o  of t h e  r ee fed  drag  area t o  t h e  f u l l  open drag  a r e a  based on t h e  
nominal a r ea ,  t h a t  i a ,  
In  p r a c t i c a l  app l i ca t ions  t h e  parachute is de- 
polyed in t h e  wake of a forebody, t o  dece le ra t e  
o r  a i d  in t h e  recovery of t h e  forebody. 
wake of a forebody a f f e c t s  t h e  drag  cha rac t e r i s -  
t ics o f  a parachute.  E f fec t ive ly ,  t h e  wake re- 
duces t h e  e f f i c i e n c y  of t h e  drag  producing sur- 
face.  Equation (2)  can b e  modified as fo l lows  to 
account f o r  t h e  presence of a forebody. 
The 
KI; where K is t h e  forebody I n t e r f e r e n c e  f a c t o r  and is  t h e  modi f ied  KR in t h e  presence  of a forebody. 
Thus, t o  p r e d i c t  t h e  drag  c o e f f i c i e n t  of a , 
parachute wi th  known des ign  parameters behind a 
forebody, w e  need t o  knov t h e  co r rec t ion  f a c t o r s  
K l g ,  KL,/D,. KK, and K. 
can be  determined a n a l y t i c a l l y  i f  t he  dependence 
of t he  drag  c o e f f i c i e n t  on t h e  s e l e c t e d  des ign  
parameters is e x p l i c i t l y  known. In t h e  absence 
of  such a r e l a t i o n s h i p  these  f a c t o r s  m u s t  be  
determined empi r i ca l ly .  In t h e  following sec- 
t i o n s  an a t tempt  has  been made t o  eva lua te  the  
c o r r e c t i o n  f a c t o r s  based on exper imenta l  test 
r e s u l t s  and empi r i ca l  cons idera t ions .  Design 
parameters of va r ious  s i z e  20-degree con ica l  rib- 
bon parachutes  considered i n  the  eva lua t ion  of 
t he  mathematical  formulation are l i s t e d  in 
Table 1. 
There co r rec t ion  f a c t o r s  
Table 1. Twenty-degree c o n i c a l  r ibbon para- 
chu te  des ign  and environment da t a .  
hr .ChYt .  C.m.tric Number Suip*nsion D.plo)l.nl 
Ilomin.1 D i u L * r  Porosity. of C o r n  Lln. Leryth Dmulc Pransure 
( I b / f  I*) 
1.56-1.12 
10-40 1.0-6.0 15-75 
b.15 16-16 b.75-1J 20-50 
22.2 1J.79 4130 
76.0 16 10 80 117-2m 
4s-ia b W m  
111. Correc t ion  Fac tors  
Canopy Geometric Poros i ty  
Geometric po ros i ty  is a des ign  parameter which 
in f luences  drag, s t a b i l i t y .  f i l l i n g  t ime .  and 
opening shock of a p a r t i c u l a r  canopy. 
po ros i ty  is genera l ly  a trade-off between a h ighe r  
d rag  e f f i c i e n c y  f o r  low geometric po ros i ty  chute# 
and low opening shocks,  and inc reased  chute sta- 
b i l i t y  f o r  h igh  geometric po ros i ty  chutes .  
So l id  con ica l  ribbon parachutes  (4) with va r i -  
ous cone angles  have been t e s t e d  in t h e  p a s t  and 
t h e i r  d rag  c o e f f i c i e n t s  a r e  reproduced i n  Figure 
2. Wind tunnel  experiments have shown t h a t  t h e  
s t eady- s t a t e  drag  c o e f f i c i e n t  of a 20-degree 
con ica l  r ibbon parachute is s t r o n g l y  inf luenced  
by i ts  geometric poros i ty .  
trates the  v a r i a t i o n  of t h e  f r e e  stream drag  
c o e f f i c i e n t  wi th  geometric poros i ty .  It is evi -  
dent from the  f i g u r e  t h a t  f o r  a given suspension 
l i n e  length  the  drag  c o e f f i c i e n t  decreases  wi th  
inc reas ing  poros i ty .  Also. f o r  d i f f e r e n t  l i n e  
lengths  t h e  s l o p e  of CD v s  A g  curves in t h e  16- 
24 percent  range is approximately the  same. 
Using Figures 2 and 3, t h e  drag  c o e f f i c i e n t  o f  
a canopy wi th  Ls/Do - 1.0 can be  expressed a#, 
Optimum 
Figure 3(5)  i l l u s -  
(4) 
2 
cD 9 - 2.29 X + 1.953 (A,) B 
Comparing equation (4) w i t h  (2) va g e t ,  
CD, ,874 and (5) 
L 
KX f(A ) is a q u a d r a t i c  f u n c t i o n  of X It can s 6  8' 
be  expressed as, 
K 
2 
* f(Xg) - K ' A  + K"(Xg) 
Ag 8 
where 
K' 0 -2.29 
and 
K" 1.953. 
I-. f .  Y 
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CONE ANGLE 
Fig. 2. E f f e c t  of cone a n g l e  on canopy 
d rag  c o e f f i c i e n t .  (Ref. 4) 
Suspension Line Length 
The suspension l i n e  length is another  des tgn  
parameter which g r e a t l y  in f luences  t h e  weight 
4 
3 
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GEOMETRIC POROSITY, A# (XI 
Fig. 3 .  E f f e c t  of geometr ic  p o r o s i t y  on 
canopy drag  c o e f f i c i e n t .  (Ref. 5 )  
and t h e  drag  of t he  parachute.  
is usua l ly  a trade-off between the  drag e f f i -  
ciency ( longer  suspension l i n e s )  and the  weight 
( smal le r  suspension l i n e s ,  capable of being 
stowed in t he  volume ava i l ab le ) .  Also, increas- 
i ng  the  l eng th  of t he  suspension l i n e s  is uaed 
as a method t o  improve canopy s t a b i l i t y .  
An optimum design 
Presented on Figure 4 are t y p i c a l  da t a  t rends  
I 
KA - f(Ag) - -2.29 A + 1.953 ( A g ) ' .  
8 8 
KL. /D0  i e  a q u a d r a t i c  func t ion  of L,/Do. It 
can be  exmeneed  am. 
* f ( f )  L - K (" L - 1)  + K (B L - 1)  2 
0 Do Do 
(11) 
where K and K are both  func t ione  of geometric 
poroe i ty .  From equa t ions  ( l o )  and ( l l ) ,  
3 4 
Kg - 0.055 + 1.145 A (12) 
g 
and 







t h a t  show t h e  f r e e  stream drag  c o e f f i c i e n t  in- c' 
$ 
Y 
c rease  wi th  an  inc rease  in suspension l i n e  length. 
The two curves ,  r ep resen t ing  geometric p o r o s i t i e s  .6 
of 16 percent  and 24 percent ,  a r e  e s s e n t i a l l y  
l i n e  length  n e a r  Ls/Do - 1.0. 
t i c  provides a method of coubining t h e  two curves .4 
in an average manner; however, KL /D 
pendent on both  t h e  geometric por&i?y and t h e  
suspension l i n e  length ,  t h a t  is: 
p a r a l l e l  except  a t  t h e  lower end of suspension 8 
This charac te r i s -  
becomes de- 
.J - f ( a  , L ~ / D ~ )  . (9) e 
L 
f(r) (0.055 + 1.145 A ) (f - 1)  
+ (0.012 - 0.775 A ) (f - 1)  . 
0 g o  
e o  
L 2 
A #  
f 16% 
0 IREF. 61 
6 IREF. 71 
0 IREF. €4 
X CALCULATED 
1 I 1 I I 
Combining t h e  t w o  curves  i n  F igure  4 in conjunct ion  1.0 1.25 1.6 1.78 2.0 
wi th  equat ion  ( 4 )  we g e t ,  
2 
CD 0.074 - 2.291 + 1.953(Ag) 
g 
L 
+ (0.055 + 1.145 1 ) ( f - 1)  
g o  
L 2 
+ (0.012 - 0.775 A ) ( $ - 1) 
g o  
Competing equation (10) wi th  (2) we g e t ,  
cD1 - O B U 4  
SUSPENSION LINE LENGTH. Ls/Do 
Fig. 4. E f f e c t  of suspens ion  l i n e  l eng th  
on drag  c o e f f i c i e n t ,  
(lo) Reefing Line Length 
A parachute ifi ree fed  t o  con t ro l  i ts  drag a rea .  
Thus t o  ob ta in  drag  fo rce  a t  a predetermined 
value,  i t  is des i r ed  t o  determine the  r e e f i n g  
l i ne  length.  I t  is conventional t o  expres s  drag  
area r a t i o  KR, t h a t  is (CDS)R/(CDS), as e func t ion  
of t he  r e e f i n g  ratio (Dr/Do) as fo l lows ,  
4 
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provides a t abu la t ion  of t h e  drag  
c o e f f i c i e n t s  of a 20-degree con ica l  ribbon para- 
chute  f o r  d i f f e r e n t  r ee f ing  r a t i o s .  This para- 
chute  had a geometric poros i ty .  X g  = 21.4% and 
the  l i n e  l eng th ,  Ls/Do = 1.0. The drag  area 
r a t i o s  of t h i s  parachute have been p l o t t e d  
a g a i n s t  t h e  r e e f i n g  r a t i o  i n  Figure 5. The drag 
area r a t i o s  of a 22.2-foot cons t ruc ted  diameter 
parachute(7)  and a 76-foot cons t ruc ted  diameter 
parachute(8) are presented  i n  Figure 5. These 
parachutes  had an Ls/Do r a t i o  of approximately 
one, and geometric p o r o s i t i e s  of 23% and 16% re- 
spec t ive ly .  Also p l o t t e d  in t h i s  f i g u r e  is a 
range of d r a g  area r a t i o s  of 20-degrees con ica l  
ribbon model parachutes  wi th  geometric p o r o s i t i e s  
from 10  t o  30 percent (9)  and the  l i n e  length  ratio 
equal  t o  one. It is i n f e r r e d  t h a t  even though 
t h i s  range covers a wide range of geometric 
p o r o s i t y ,  in magnitude t h e  v a r i a t i o n  can be con- 
s i d e r e d  as s c a t t e r  in t he  da ta .  I t  seems reasoh- 
a b l e  to  use a mean va lue  of KR and regard KR as 
independent of  geometric poros i ty .  Therefore,  
or 
Fig .  5. E f f e c t  of r e e f i n g  r a t i o  on drag  
c o e f f i c i e n t .  
I t  is a l s o  ev iden t  from Figure 5 t h a t  t he  s k i r t  





- - 2,011 
A f u l l  open canopy corresponds to  L R / D ~  - 2.011 and 
the  c o r r e c t i o n  f a c t o r  KR - 1.0. 
be  used t o  determine t h e  r e e f i n g  l i n e  l eng th  pro- 
Equation (16) can 
or 
LR - (x + .11) Do/.55 (19) 
Reefing l i n e  length.  LR, is the  circumference of 
the  canopy at the  s k i r t .  The t o t a l  l ength  of the 
r e e f i n g  l i n e  would be  LR p l u s  an a d d i t i o n a l  
length needed f o r  s p l i c i n g .  
Forebody In t e r f e rence  Fac tor ,  K 
The drag  c o e f f i c i e n t  of a parachute deployed 
i n  the  wake of a forebody i s  less than t h e  f r e e  
stream drag  c o e f f i c i e n t  of t he  parachute.  This 
reduction in drag  c o e f f i c i e n t  is a func t ion  of 
t he  t r a i l i n g  d i s t ance  of t h e  parachute ,  t he  
r a t i o  of t h e  parachute diameter t o  t h e  forebody 
diameter,  and the  l o c a l  flow condi t ions .  The 
drag  l o s s  of hollow hemispheres in t h e  presence 
of a forebody has  been s tud ied  by He in r i ch ( l0 ) .  
The da ta  from Reference 10 reproduced a s  Figure 
6 is used t o  determine the  forebody i n t e r f e r e n c e  
f ac to r .  It is noted from Figure 6 t h a t  f o r  a 
t r a i l i n g  d i s t ance  of up t o  5 nominal d iameters  
a mean curve would be  wi th in  2 2 %  e r r o r  f o r  a 
forebody s i z e .  D ~ / D B  - 2 to  3. 
the  i n t e r f e r e n c e  f a c t o r  K f o r  Ls/Do - 1.0 and 
X g  - 0 is, From t h i s  curve 2 
K 9 0.054 + .044(?) - .QO4 ('"> , 
0 DO 
1 < %/Do 5 
I 1 I 1 9 
5 
.5 ' 
1 2 3 4 
TRAILING DISTANCE, X/Do 
Pig .  6. Parachute  drag  lor8 ar a func t ion  
of t r a i l i n 8  d i r t a n c e  and forebody 
d iameter .  (Ref. 10) v id ing  x percent  of t h e  f u l l  open d rag  area. 
i 
5 
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The i n t e r f e r e n c e  f a c t o r  K is a l s o  a func t ion  of t h e  
suspens ion  l i n e  l eng th  and t h e  geometric po ros i ty ,  
t h a t  i o ,  
L 
K - fP, ag) (21) 
DO 
Figure  7 shows v a r i a t i o n  of t h e  i n t e r f e r e n c e  f a c t o r  
w i th  suspens ion  l i n e  l eng th  a t  a cons t an t  t r a i l i n g  




- - 1, and K is r e p l o t t e d  f o r  > - 1 as a func t ion  9 .a- 
DO 0 0 
of  geometr ic  po ros i ty  In Figure  8. 
g i v e s  t h e  v a r i a t i o n  of K wi th  Ag. 
F igures  6 .  7, and 8 w e  ge t ,  
T h i n  curve  







1.0 1.25 1.5 1.75 2.0 
SUSPENSION LINE LENGTH. LS/Do 
Fig. 7. E f f e c t  of suspension l i n e  l eng th  
on forebody i n t e r f e r e n c e  f a c t o r .  
The i n t e r f e r e n c e  f a c t o r  K is es t imated  f o r  a 
s p e c i a l  ca se  i n  which the  forebody c e n t e r l i n e  is 
i n  l i n e  wi th  t h e  long i tud ina l  a x i s  of t he  para- 
chute. I t  may no t  be  app l i cab le  f o r  angles  of 
a t t ack .  
Modified K In The Presence of Forebody - K' 
-- R R. 
Wind tunnel r e s u l t s  s l i m  t l int  t he  co r rec t ion  
f a c t o r  K R  wliicli Is otlierwisc Independent of the 
riapension l h i c  leiijith, and the geometric por- 
osity, \ g ,  becomes Jeprtidcnt on these two perem- 
eters In  the presence of a forebody. l%us KR 
should be  modified t o  include wake e f f e c t s .  
Figures 9 and 10 are p l o t s  of KR. shoving the  
GEOMETRIC POROSITY, A, 
Fip. 8. E f f e c t  of geometr ic  po ros i ty  on 
forebody i n t e r f e r e n c e  f a c t o r  
MEASURED I&, - 16% LAIDo - 1.128) 
0 MEASURE0 














1.25 1.1 1.76 2.0 
LS'OO 
F ig .  9. E f f e c t  of Suspension l i n e  l eng th  
on KR i n  forebody wake. 
va r i a t ion  wi th  Ls/Do and X 
presence of a forebody. 
la ted  to  the  b a s i c  suspension l i n e  length r a t l o  
of one t o  determine the  v a r i a t i o n  of Kk with  
L,/Do. 
poros i t i e s  were e s s e n t i a l l y  p a r a l l e l ,  t h e  
r e spec t ive ly ,  in the  
"ke curves were extrapo- 
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GEOMETRIC POROSITY, A, 
Fig .  10. E f f e c t  of geometric po ros i ty  on 5 i n  forebody wake. 
v a r i a t i o n  wi th  geometric po ros i ty  w a s  determined 
us ing  t h e  ex t r apo la t ed  r e s u l t s  f o r  Ls/Do = 1.0. 
These two p l o t s  have been combined t o  y i e l d  a 
modified drag  area r a t i o  for t h e  reefed  chute. 
L L 2  % - 5 + 0.36 (f) - 0.16 (f) 
0 0 
(23) 
+ 0.75 X - 0.425 
g 
It  should be noted t h a t  t he  above express ion  f o r  
K k  is v a l i d  only i n  t h e  presence of a forebody. 
For a reefed canopy i n  f r e e  stream, K k  = KR, and 
f o r  a f u l l  open canopy i n  the  forebody wake 
K A  - 1. 
IV. 
Ribbon Parachute  
Drag C o e f f i c i e n t  of 20-Degree Conica l  
Free  Stream Condi t lons  
Combining express ions  f o r  C D ~ ,  KAg and KL,/D,. 
t he  es t imated  drag  c o e f f i c i e n t  of a f u l l  open 20- 
degree  c o n i c a l  r ibbon chu te  becomes, 
2 c * 0.074 - 2.29 .I + 1.953 (bg) 
Daa g 
L 
+ (0 .055 + 1.145 A ) (e - 1) (24) 
g o  
8 0  
L 2  + (0.012 - 0.775 A ) (f- - 1) 
Reefed canopy drag c o e f f i c i e n t  e s t ima tes  a r e  ob- 
tained by mul t ip ly ing  equat ion  (24) by the  reefed  
f a c t o r  KR. The drag a rea  r a t i o .  KR. is  expressed 
as a func t ion  of r ee f ing  r a t i o  as, 
5 - 1 . 7 3 5 ( ~ )  DR - .ll 
0 
or 
Forebody I n t e r f e r e n c e  E f f e c t s  
The drag  c o e f f i c i e n t  of a 2O-degree con ica l  
r ibbon parachute behind a forebody I s  given by 
equation (24) m u l t i p l i e d  by a factor  K, that is, 
2 
CD 9 [0.874 - 2.29 X + 1.953(A ) 
B 8 
+ (0,055 + 1.145 A ) (f - 1) (26) 
g o  
LS 
g o  
2 
+ (0.012 - 0.775 A (r - 1) 1 K 
2 where 
K - 0.854 + .oh4 (2) - ,004 (E) . ' (27) 
0 0 
The drag  c o e f f i c i e n t  o f  a r e e f e d  canopy behind a 
forebody is given by equa t ion  (26) m u l t i p l i e d  by 
the  drag  area rat io  
where 
5- 
+ 0.75 A - 0.425 
8 
V. Scal ing  E f f e c t s  
The change i n  parachute drag  c o e f f i c i e n t  due 
s o l e l y  t o  a change i n  parachute s i z e  is the  sca l -  
ing e f f e c t .  I t  is d i f f i c u l t  t o  assess t h i s  change 
because the re  a r e  many va r i ab le s  which change with 
s i z e ,  and exact geometric s c a l i n g  is not always 
possible.  For example, i n  some cases  i t  is no t  
p r a c t i c a l  t o  cons t ruc t  a small model with the  
same number of gores a s  i n  t h e  f u l l  s c a l e .  or 
with even the  same number of h o r i z o n t a l s  and 
v e r t i c a l s .  Also, t he  ma te r i a l  s e l e c t e d  f o r  model 
f ab r i ca t ion  may no t  permit the  same f l e x i b i l i t y  
as in f u l l  s ca l e .  A study(11) w a s  conducted t o  
develop some mathematical r e l a t i o n s h i p s  t o  give 
sca l ing  e f f e c t s .  However, exper imenta l  d a t a  used 
i n  t h e  s tudy  came from var ious  test programs 
using parachutes wi th  d i f f e r e n t  des ign  parameters. 
This prevented determination of t he  change i n  
parachute performance due t o  change i n  s i z e  alone. 
Figure 11 presen t s  a p l o t  of t h e  v a r i a t i o n  of 
drag c o e f f i c i e n t  f o r  a 20-degree c o n i c a l  ribbon 
parachute with parachute s i z e  ( i t s  nominal d ia -  
meter). Tlie da ta  Cor var ious  s i z e  parachutes 
considered i n  t h i s  rctport has been converted t o  
a case of LR/l),, - 1.0 and two geometric p o r o s i t i e s  
of 16 and 24 per rcn t  uslng tlie mathematical model 
i 
7 
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Pig. 11. Parachute  s c a l i n g  e f f e c t .  
V I .  Discussion 
Equations (24) and (26) express  t h e  d rag  co- 
e f f i c i e n t  of a 20-degree con ica l  ribbon parachute 
i n  free stream and i n  t h e  forebody wake respec- 
t i ve ly .  Figure 1 2  presents  t he  computer program 
used t o  pred ic t  t he  drag c o e f f i c i e n t  of a 20- 
degree ronica l  rthhon parachute f o r  a given fiet 
of design parameters. Using t h i s  compiiLc*r 
program. the  drag  c o e f f i c i e n t s  of s r v c r a l  para- 
chute designs i n  f r e e  stream and in the  lorebody 
wake a r e  t abu la t ed  in  l’nbels 2 and 3 r r s p e r t i v r l y .  
These va lues  a r e  p l o t t e d  aga ins t  t he  expvr imimtal 
values i n  Figures 4. 7 ,  9 .  and 10. 
The developed math model can p red ic t  the  drnp 
c o e f f i c i e n t  of a 20-degree con ica l  ribbon para- 
chute with a given suspension l i n e  length and 
geometric po ros i ty  wi th in  one percent  of the  
ava i l ab le  experimental  and drop t e s t  da t a  ( see  
Figure 4 ) .  
The ca l cu la t ed  reefed  and f u l l  open drag  co- 
developed i n  t h i s  r epor t .  I t  is evident  from t h e  efficients Of a ribbon para- 
chute behind a forebody agree wi th in  6-percent f i g u r e  t h a t  t h e  drag  c o e f f i c i e n t  is e s s e n t i a l l y  of the  ava i l ab le  da t a  ( see  Figures 7. 9 ,  and 10). cons tan t  over  t h e  range of uarachute s i z e s  u lo t t ed .  - 
The der ived  mathematical express ion  can p re -  I t  is appropr i a t e  to  mention t h a t  f o r  smal l  model parachutes (699) the  empi r i ca l  formula does not 
y i e l d  accu ra t e  r e s u l t s .  This may be due i n  p a r t  
t o  model f l e x i b i l i t y  and geometric non-similari ty 
i n  model f ab r i ca t ion .  The e f f e c t  of these  p a r a m  
eters haa n o t  been a sce r t a ined  a t  t he  p re sen t  
t ime .  
d i c t  the drag c o e f f i c i e n t  of a 20-degree con ica l  
ribbon parachute for a wide range Of the para- 
chute s i z e  (6 .75  f t  Do t o  78.3 f t  Do). However. 
the empi r i ca l  formulation does not p r e d i c t  the  
drag  c o e f f i c i e n t s  f o r  chute  s i z e s  l e s s  than 6.75 
f t  Do accura te ly .  This may b e  due i n  p a r t  t o  
model f l e x i b i l i t y  and geometric nons imi l a r i t y  i n  
model f ab r i c e  t i on .  
i 
8 
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Fig. 12,  Computer Program of the Math Model 
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Table 2. Free Stream Drag Coefficients 
FULL OPFN 9 F R E E  STREAM DRAG C O E F F I C I E N T S  

































1. 000 0.5575 
1.000 006486 
1.000 0.6732 




1. 000 0.5926 
RFEFEP FREE STREAM DRAG C O E F F I C I E N T S  









































R E F F F D  FRFE STREAM DRAG COEFF IC1 ENTS 
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Table 3. Drag Coefficients i n  Forebody Wake 
FOLL OPEN 

















PqAG C O E F F I C I E Y T S  
LC L R / D O  
0. 1 6 0  
O r  1 6 0  
00 1 6 0  













IN A FOREBODY WAKE 









RECFF? DRAG C O L F F I C I F N T S  I h l  A FOREBODY W A K E  







2 r Q 9 0  
7.900 
0 .  1 6 0  
00 1 6 0  
00 1 6 0  













' I F F F t O  D R A G  COEFFICIENTS I R  ' A  
LS/nO x /DO L G  LR/r30 
7.000 0.160 
2.900 0 .  1 6 0  
3 . 900 0 .  160 
3.000 0. 1 6 0  
2.000 0.240 
3.909 0.240 






















0 . 2 8 2 9  
0.3740 
0.3834 
0 . 3 6 5 9  
FOREBODY W A K E  
K R  C D  
0.3211 
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